Mutations in the leucine-rich repeat kinase 2 gene (LRRK2) cause late-onset Parkinson's disease (PD) with a clinical appearance indistinguishable from idiopathic PD. Initial studies suggest that LRRK2 mutations are the most common yet identified determinant of PD susceptibility, transmitted in an autosomal-dominant mode of inheritance. Herein, we characterize the LRRK2 gene and transcript in human brain and subclone the predominant ORF. Exogenously expressed LRRK2 protein migrates at Ϸ280 kDa and is present largely in the cytoplasm but also associates with the mitochondrial outer membrane. Familial-linked mutations G2019S or R1441C do not have an obvious effect on protein steady-state levels, turnover, or localization. However, in vitro kinase assays using full-length recombinant LRRK2 reveal an increase in activity caused by familial-linked mutations in both autophosphorylation and the phosphorylation of a generic substrate. These results suggest a gain-of-function mechanism for LRRK2-linked disease with a central role for kinase activity in the development of PD.
Mutations in the leucine-rich repeat kinase 2 gene (LRRK2) cause late-onset Parkinson's disease (PD) with a clinical appearance indistinguishable from idiopathic PD. Initial studies suggest that LRRK2 mutations are the most common yet identified determinant of PD susceptibility, transmitted in an autosomal-dominant mode of inheritance. Herein, we characterize the LRRK2 gene and transcript in human brain and subclone the predominant ORF. Exogenously expressed LRRK2 protein migrates at Ϸ280 kDa and is present largely in the cytoplasm but also associates with the mitochondrial outer membrane. Familial-linked mutations G2019S or R1441C do not have an obvious effect on protein steady-state levels, turnover, or localization. However, in vitro kinase assays using full-length recombinant LRRK2 reveal an increase in activity caused by familial-linked mutations in both autophosphorylation and the phosphorylation of a generic substrate. These results suggest a gain-of-function mechanism for LRRK2-linked disease with a central role for kinase activity in the development of PD.
dardarin ͉ parkinsonism ͉ PARK8 R ecent studies exploring the etiology of Parkinson's disease (PD) suggest an important role for the leucine-rich repeat kinase 2 gene (LRRK2, PARK8, dardarin, OMIM 609007). The PARK8 locus encompassing LRRK2 was originally identified by use of parametric two-point analysis in a large Japanese family with autosomal-dominant PD (1) . Using a positional cloning approach, two groups concurrently identified mutations within the LRRK2 gene (2, 3) . The frequency of a novel mutation (G2019S) was subsequently reported in 5-6% of autosomaldominant PD patients (4, 5) and even in Ϸ1% of PD patients with sporadic late-onset disease (6) . Additional studies confirmed the presence of the G2019S mutation in PD cohorts (7, 8) . The unprecedented prevalence of LRRK2 mutations in PD cases suggests a critical role for LRRK2 in disease susceptibility.
Most PARK8-linked families described to date exhibit a clinical and in vivo neurochemical phenotype indistinguishable from that of sporadic PD (9) . In contrast, pathological heterogeneity in affected individuals examined so far ranges from pure nigral degeneration without Lewy bodies to nigral degeneration associated with Lewy bodies typical of PD, widespread Lewy bodies consistent with diffuse Lewy body disease, or neurofibrillary -positive tangles (2, 10) . Clarification of the function of LRRK2 is therefore relevant toward deciphering the biochemical pathway(s) that is important for the development of late-onset PD and for understanding the underlying pathology.
The LRRK2 gene contains at least 51 exons predicted to encode a 2,527-aa protein. Northern analysis indicated a possible 9-kbp transcript ubiquitously expressed in multiple tissues (3) . In this report, we describe the isolation and characterization of the LRRK2 transcript as present in human substantia nigra tissue and the functional analysis of two familial-linked LRRK2 mutations localized to the GTPase domain (R1441C) or the mixedlineage kinase (MLK)-like domain (G2019S). We demonstrate that LRRK2 possesses MLK-like activity and that familialassociated mutations appear to enhance protein kinase activity consistent with a possible gain-of-function model for LRRK2-linked disease.
Materials and Methods 5 RACE and Plasmid Generation. FirstChoice adapter-mediated RACE kit (Ambion, Austin, TX) was used with human brain cDNA as previously described in ref. 11 . PCR was performed with oligonucleotides (Invitrogen) specific for the 5Ј adapter and LRRK2 gene (exon 1 outer, 5Ј-TGG ACA TTG TTC AGC CTG ACT ATC AAC-3Ј; exon 3 outer, 5Ј-CAC CAA GGA CTT CCC AAT CAT TTC-3Ј; exon 5 outer, 5Ј-AGA CTC TCT CAA ACA GCA CAT GTA AAG C-3Ј). A secondary PCR was performed by using nested primers [exon 1 inner (forward), 5Ј-GAG TTT CCT CGT CCT CTT CGC AC-3Ј; exon 3 inner, 5Ј-GGG TCC CAT TAA GCT TTG CAT TG-3Ј; exon 5 inner, 5Ј-TGG CTG GAA ATG AGT GCA TGG-3Ј]. Products were analyzed by agarose gel electrophoresis. PCR products were subcloned into pCR2.1 by using the TOPO-TA kit (Invitrogen), and insert DNA was sequenced.
LRRK2 exonic structure and sequence were determined by using cDNA derived from fresh-frozen human substantia nigra tissue from a pathologically confirmed normal brain (courtesy of Deborah Mash, University of Miami, Miami), first by isolating total RNA by using the RNAqueous kit (Ambion) and then through reverse transcription by using the SuperScript III RT-PCR kit and oligo(dT) priming (Invitrogen). For alternative splicing and sequence analysis, oligonucleotide primers were designed in the forward and reverse direction in every other LRRK2 exon, and PCR was carried out by using human substantia nigra cDNA as template in a standard 60-50°C touchdown program over 35 cycles. Products were analyzed by agarose gel electrophoresis, and selected products were dye-terminator sequenced on a PRISM 3100 Genetic Analyzer (Applied Biosystems).
To clone full-length LRRK2 cDNA into a mammalian expression vector, two sets of primers were designed with internal BamHI and XhoI restriction sites to amplify and insert 5Ј and 3Ј overlapping halves of LRRK2 into pcDNA3.1 (F1, 5Ј-TAG GAT  CCT GCC GGT TCC CTG AGC-3Ј; R1, 5Ј-TGC TCG AGA  ATC ACA GGG GAA GAA GAA G-3Ј; F2, 5Ј-TAG GAT CCC  CAT TTT ATG ACG CAG C-3Ј; R2, 5Ј-CTC TCG AGC TCA ACA GAT GTT CGT CTC-3Ј). PCR was carried out by using Expand High Fidelity Taq (Roche Diagnostics) and human substantia nigra cDNA, prepared as above. The two halves of the LRRK2 ORF were then joined together by virtue of an endogenous BbvCI site in LRRK2, and sequence of the full-length LRRK2 insert was verified and compared with the Entrez database entry for human LRRK2.
The familial-linked mutations G2019S (6055G 3 A) and R1441C (4321C 3 T) were introduced into LRRK2 cDNA by PCR-mediated site-directed mutagenesis by using the QuikChange kit (Stratagene) followed by sequencing of the entire insert to confirm their correct incorporation.
Immunoblotting. The following peptides were synthesized and used to generate antibodies to human LRRK2: JH5514, CHEV-QNLEKHIEVR (amino acids 2,500-2,515), JH5517, KNEN-QENDDEGEEDC (amino acids 334-347), and JH5518, EFH-HKLNMVKKC (amino acids 527-537). Cysteine residues (in italics) were added to facilitate conjugation to keyhole limpet hemocyanin. Immunization of rabbits and antibody purification using affinity chromatography on peptide-immobilized Sulfolink coupling gel matrix columns (Pierce, Rockford, IL) was performed as previously described (12) . Cellular protein extracts were prepared, and protein was separated by 6% SDS͞PAGE and blotted as described (13) . For internal controls and fractionation experiments, membranes were stripped and reprobed with antibodies against ␤-actin (1:2,000, Sigma-Aldrich), PGK (1:1,000, Abgent, San Diego), porin (1:2,500, Calbiochem), c-myc (1:2,000, clone 9E10, Roche Applied Science, Indianapolis), and HA (1:1,000, clone 12CA5, Roche Applied Science).
Cell Culture and Protein Purification. HEK-293T and SH-SY5Y cells were cultured in Opti-MEM media (Invitrogen) supplemented with 10% FBS, penicillin (100 units͞ml), and streptomycin (100 g͞ml). Transfection was accomplished by using FuGENE 6.0 reagent (Roche Applied Science) according to the manufacturer's instructions. To prepare recombinant LRRK2 protein for kinase assays, immunoprecipitation was carried out as previously described (12) . Briefly, HEK-293T cells transiently transfected with each myc-tagged LRRK2 plasmid were harvested in immunoprecipitation (IP) buffer, and resulting lysates were rotated at 4°C for 1 h followed by centrifugation at 17,500 ϫ g for 15 min. The supernatant fractions were combined with Protein G Sepharose 4 Fast Flow (Amersham Pharmacia Biotech) precomplexed with mouse monoclonal anti-c-myc antibody (clone 9E10) followed by rotating overnight at 4°C. The protein G Sepharose complex was pelleted and stringently washed five times with IP buffer supplemented with 500 mM NaCl and once with PBS. Where necessary, immunoprecipitated proteins were eluted in 2ϫ SDS sample buffer containing 5% 2-mercaptoethanol by heating at 75°C for 10 min. Silver staining was performed by using the SilverSNAP stain kit (Pierce).
For ubiquitination assays, cells were transiently transfected with myc-tagged LRRK2 with or without hemagglutinin-tagged ubiquitin. Cells were treated with or without the proteasome inhibitor MG-132 (5 M) for 24 h before harvesting in RIPA buffer (150 mM NaCl͞10 mM Tris⅐HCl, pH 7.2/1% Triton X-100͞1% sodium deoxycholate͞0.1% SDS) and anti-c-myc immunoprecipitation as detailed above. Immunprecipitates were resolved by 7.5% SDS͞PAGE and analyzed by Western blot with anti-HA (Roche Applied Science) or anti-c-myc (Roche Applied Science) antibodies directly conjugated to horseradish peroxidase. Subcellular Fractionation and Immunofluorescence. For cell fractionation, HEK-293T and SH-SY5Y cells were transfected as above with WT or mutant LRRK2. At 48 h posttransfection, cells were harvested by scraping into hypotonic buffer as previously described (14) . Cells were incubated on ice for at least 25 min, and complete lysis of the plasma membrane was visualized by using a 2ϫ trypan blue solution containing DAPI. Lysates were centrifuged at 800 ϫ g for 5 min to generate crude supernatant and pellet (P1, nuclear) fractions. The supernatant fraction was further centrifuged at 15,000 ϫ g for 10 min to generate a crude pellet fraction (P10) containing mitochondria and a supernatant fraction (S10) containing cytosol. The nuclear (P1) and mitochondrial (P10) fractions were solubilized in RIPA buffer. Protein content was determined by using the BCA protein assay kit (Pierce). For experiments indicating the use of trypsin, 0.05% wt͞vol trypsin (Invitrogen) was added to lysates and incubated at 37°C for 10 min before fractionation.
HEK-293T cells were plated onto poly-L-lysine-coated glass coverslips (BD Biosciences, Franklin Lakes, NJ) and transfected with WT or mutant LRRK2 constructs as above. The coverslips were washed and fixed as previously described (14) . Coverslips were incubated for 24 h at 4°C in a solution containing 0.1% Triton X-100 and anti-myc-FITC-conjugated antibody (1:1,000; Cell Signaling Technology, Beverly, MA) in PBS. Coverslips were washed with PBS, incubated with DAPI (300 nM in PBS), and washed a final three times with PBS. Coverslips were mounted on glass slides, and cells were visualized on a Ziess 510 META multiphoton confocal microscope.
In Vitro Kinase Assays. Myc-tagged LRRK2 (WT or mutant) or control protein (myc-tagged DJ-1) bound to protein G Sepharose was resuspended in kinase assay buffer (20 mM Hepes, pH 7.4͞15 mM MgCl 2 ͞5 mM EGTA͞20 mM ␤-glycerol phosphate) on ice together with 25 M biotinylated myelin basic protein (MBP; Upstate Biotechnology, Lake Placid, NY). The kinase reaction was initiated by adding together 0.5 Ci of [␥-32 P]ATP (PerkinElmer) and 15 M ATP and incubating the reaction at 30°C for 15 min. The reaction was then placed on ice and terminated by the addition of 2.5 M guanidine-HCl (Calbiochem). The universal kinase assay kit (Calbiochem) was used to quantify incorporated radioisotope in biotinylated MBP by adding avidin solution (Calbiochem) to the reaction and incubating at 25°C for 10 min. The reaction was centrifuged at 800 ϫ g for 2 min, and supernatant was placed onto a column containing an avidin-binding membrane and washed according to protocol. Incorporated radioisotope was measured by liquid scintillation, and background and nonspecific activity was substracted from samples containing WT or mutant LRRK2.
LRRK2 autophosphorylation activity was determined by using the kinase-reaction conditions above except for the lack of MBP in the reaction. After 15 min at 30°C, the reactions were placed on ice and terminated by the addition of Laemmli sample buffer with 5% 2-mercaptoethanol. Reactions were heated at 75°C for 10 min and placed on ice. Reactions were then centrifuged at 800 ϫ g for 2 min, and supernatant was resolved by 6% SDS͞PAGE and transferred to a poly(vinylidene difluoride) membrane. Membranes were subsequently exposed to BioMax film (Kodak) for 24 h, and then immunoblotting with anti-c-myc antibody (Roche Applied Science) was performed to determine the amount of LRRK2 present in each reaction. Autoradiography and Western blotting bands were quantified by using IMAGEQUANT 5.0.
Results
Characterization of the LRRK2 Transcript. At the onset of this study LRRK2 was a largely predicted gene with an unknown potential for alternative ORFs, promoters, or exon splicing. To determine the correct and predominant LRRK2 transcript as it exists in human tissue, we performed adapter-mediated 5Ј RACE using cDNA derived from human brain. Reverse oligonucleotides positioned in the predicted first, third, or fifth exon of LRRK2 revealed multiple transcription initiation sites (Fig. 1A and Fig.  7 , which is published as supporting information on the PNAS web site). In the brain, at least six transcription start sites are present between 48 and 120 bp upstream of the first predicted Kozak sequence. A single and distinct transcription initiation site downstream of the first predicted exon (within intron 1) excludes the complete LRRK2 ORF (Fig. 1B) . However, the transcript does not correlate to an obvious ORF that would produce protein of appreciable size. Therefore, the biological significance of this transcript remains unknown. No evidence of alternate LRRK2 exons or protein coding sequence was identified. We verified the presence of endogenous LRRK2 transcript in human tissue and HEK-293T cells by using RT-PCR with oligonucleotide primers situated on the 3Ј end of LRRK2 mRNA (Fig. 1C) .
Next, the exon structure and potential for alternative splicing within LRRK2 was determined in mRNA derived from human substantia nigra tissue. Using oligonucleotides positioned in the identified 5Ј and 3Ј untranslated regions of LRRK2, full-length LRRK2 transcript (Ϸ7.5 kb) was sequentially amplified and subcloned into a plasmid library (pCR2.1). Twenty clones containing LRRK2 were isolated and examined for alternative splicing by using PCR and sequence analysis. In all 20 clones from this tissue source, 51 exons were present. A cryptic splice site found between exons 50 and 51 (within intron 50) in 3 of 20 clones results in the exclusion of 6 aa near the WD40 domain. Thus, no prevalent alternative splicing in LRRK2 occurs in this tissue source although a cryptic splice site likely produces an alternate LRRK2 protein isoform with a partially altered amino acid sequence near the C terminus.
Expression of LRRK2 in Cell Lines. The complete LRRK2 ORF was subcloned into the mammalian expression plasmid pcDNA3.1 in frame with a C-terminal myc-His tag, and the resultant amino acid sequence was compared with the current Entrez database entry for LRRK2 (accession no. AAV63975). Deviations in LRRK2 amino acid sequence used in this study include a Thr for Met at position 2397, corresponding to a common nonsynonomous polymorphism with a heterozygousity near 0.5 (dbSNP accession no. rs3761863). In addition, a Leu is present at position 212 in contrast to Ser; however, the sequence encoding a Ser was not detected in human DNA despite sequencing over 1,000 European cases and controls for the underlying polymorphism (S.B., unpublished observations).
Plasmid containing full-length LRRK2 was transiently transfected into HEK-293T cells and analyzed by Western blotting using antibodies directed against either the C-terminal myc tag or three peptide-derived LRRK2 antibodies raised against two distinct regions of the N terminus (JH5517 and JH5518) or the C terminus (JH5514). A single protein corresponding to LRRK2 (Ϸ280 kDa) is detected in transfected cells in addition to several crossreactive proteins apparent in both transfected and nontransfected cells (Fig. 1D) . Despite the presence of endogenous LRRK2 transcript in HEK-293T cells (Fig. 1C) , no endogenous LRRK2 protein of the appropriate size is apparent by Western blot using the antibodies described here. Similarly, endogenous LRRK2 protein appears expressed at very low levels in adult human brain or whole mouse brain (data not shown).
Subcellular Localization of Overexpressed WT and Mutant LRRK2.
Mutations in several genes related to neurodegeneration have previously been described to alter cellular localization and hence function of the encoded protein. To determine the cellular localization of overexpressed WT LRRK2 as well as LRRK2 harboring the G2019S and R1441C mutations, transfected HEK-293T cells were imaged by using confocal microscopy ( Fig. 2A) . Subcellular fractionation performed on cells overexpressing WT or mutant LRRK2 were separated into fractions enriched in cytoplasmic, nuclear, and mitochondrial proteins with successful enrichment assessed by relevant marker proteins (Fig. 2B) . Transient expression of either WT or mutant LRRK2 is similar in cells compared with marker proteins. LRRK2 is largely excluded from the nucleus and present in a diffuse organization in the cytosol (Fig. 2 A and B) . A significant amount (Ϸ10%) of total LRRK2 is associated with the P10 mitochondrial-enriched fraction. The subcellular distribution of LRRK2 is similar in transfected SH-SY5Y cells (data not shown). To determine whether LRRK2 is associated with the inside or outside of mitochondria, cell lysate enriched in cytosolic and mitochondrial proteins was partially digested with trypsin before fractionation. In this scenario, DJ-1, a known mitochondrial protein that is present in both the matrix and intermembrane space (14) , is protected from digestion, whereas LRRK2 is completely digested (Fig. 2C) . In addition, the mitochondrial outer-transmembrane protein porin is largely unaffected by brief trypsin exposure as opposed to LRRK2, which implies that LRRK2 is associated with the outer membrane of mitochondria but is unlikely to enter mitochondria. The G2019S and R1441C mutations have no robust effect on steady-state levels or cellular distribution.
Metabolism of WT and Mutant LRRK2. Familial-PD-linked mutations in the ␣-synuclein gene, DJ-1 gene, and PINK1 gene may adversely affect protein turnover contributing to the pathogenesis of PD (15) . To determine whether mutations in LRRK2 may affect protein turnover, transiently transfected SH-SY5Y cells were treated with the proteasome inhibitor MG-132 or the lysosomal degradation inhibitor ammonium chloride (Fig. 3A) . Whereas inhibition of the lysosomal degradation pathway has no effect on LRRK2 turnover, treatment with proteasome inhibitors results in the accumulation of LRRK2 (Ϸ2-fold over 24 h) and the appearance of higher-molecular-weight LRRK2, which may correspond to polyubiquitinated protein. To determine whether LRRK2 is ubiquitinated under normal cellular conditions in SH-SY5Y cells, myc-tagged WT LRRK2 was cotransfected with or without HA-tagged ubiquitin followed by treatment with or without MG-132. Analysis of immunprecipitates confirmed the covalent attachment of ubiquitin to LRRK2 upon proteasome inhibition (Fig. 3B ) consistent with polyubiquitination. As expected, ubiquitination of LRRK2 was less pronounced in the absence of MG-132, which is consistent with the idea that the proteasomal turnover of LRRK2 is mediated, at least in part, by polyubiquitination. Experiments using cycloheximide-chase assays to assess protein turnover demonstrate a long but equivalent half-life (Ͼ12 h) for WT and mutant LRRK2 in cell lines (data not shown). Thus, familial-linked mutations have no appreciable effect on the ubiquitin-mediated proteasomal turnover of LRRK2. Experiments were repeated using HEK-293T cells with similar results (data not shown).
Kinase Activity of WT and Mutant LRRK2. LRRK2 encodes a kinase domain with highest similarity to the MLK motif found in proteins that commonly have both Ser͞Thr and Tyr kinase activity. PD-linked mutations in LRRK2 have previously been suggested to affect intrinsic kinase activity, thereby leading to disease (16) . To assess the kinase activity of WT and mutant LRRK2, we derived microgram quantities of recombinant LRRK2 at high purity by immunoprecipitation as assessed by silver stain (Fig. 4A) . We next developed a kinase assay to measure the ability of WT or mutant LRRK2 to phosphorylate biotinylated MBP. Kinase buffer conditions were first optimized to increase the ratio of LRRK2-mediated phosphorylated MBP versus both background and nonspecific phosphorylation (Fig. 8 , which is published as supporting information on the PNAS web site). In preliminary experiments, kinase reaction conditions previously reported for MLK activity also induced the highest level of LRRK2 kinase activity (Fig. 8, buffer C) . Interestingly, buffer compositions previously used for other tyrosine kinases or Ser͞Thr kinases performed poorly in activity assays, and assays using the tyrosine kinase-specific substrate poly(Glu)tyrosine revealed low but significant levels of LRRK2-mediated phos- phorylation (data not shown), consistent with the assignment of LRRK2 as an MLK.
The amount of WT or mutant LRRK2 protein per kinase reaction was directly assessed by Western blotting, thereby normalizing the amount of phosphorylated MBP to the amount of LRRK2 in each experiment (Fig. 4B ). Background and nonspecific phosphorylation was subtracted from all reactions containing LRRK2 by using immunoprecipitated myc-tagged DJ-1 protein as a negative control (data not shown). The G2019S mutant LRRK2 had significantly greater phosphorylation activity than WT protein (P Ͻ 0.05). In addition, we observed a trend toward increased kinase activity of R1441C mutant LRRK2 compared with WT; however, despite repeated experiments, the trend was not significant (P Ͻ 0.1, Fig. 4B ). Recombinant LRRK2 was unable, under the conditions described here, to appreciably phosphorylate other recombinant proteins with importance in PD including parkin, MAPT, and ␣-synuclein in preliminary in vitro kinase assays.
Autophosphorylation Activity of WT and Mutant LRRK2. Using the same buffer and reaction conditions as in kinase activity assays with MBP, we measured the ability of recombinant LRRK2 protein to phosphorylate itself in the absence of any potential cofactors or activators. The amount of phosphorylated LRRK2 was normalized to the amount of input LRRK2 protein as determined by Western blotting (Fig. 5 ). Similar to experiments using MBP as a substrate, the G2019S mutant LRRK2 protein demonstrates increased autophosphorylation activity compared with WT protein (Fig. 5C ). In these experiments, the R1441C mutation (located outside of the MLK domain) has significantly increased autophosphorylation activity versus WT protein. No other phosphorylation signals were apparent in these experiments, suggesting the absence of contaminating protein kinases, cofactors, or substrates in our immunoprecipitated LRRK2 preparations.
Discussion
Recent advances in the molecular genetics of PD have unambiguously identified numerous genes that, when mutated, give rise to disease that mimics the clinical and pathologic characteristics of sporadic PD (17) . The identification of variants within the LRRK2 gene in a small percentage of idiopathic late-onset PD cases suggests that LRRK2 may have a unique contribution to the development of PD. As yet, only a fraction of the entire LRRK2 gene has been assessed in PD cases; thus, it remains possible that the contribution of genetic variation in LRRK2 in PD susceptibility is underestimated. The functional characterization of LRRK2 and placement in biochemical pathways thought to have importance in PD may provide a critical link toward developing targeted therapeutics. In this study, we defined the LRRK2 gene and transcript in human brain and characterized basic aspects of its biology. Despite the large size of LRRK2 protein, in silico analysis failed to indicate the presence of hydrophobic transmembrane domains or obvious mitochondrial or nuclear targeting sequences. The location of overexpressed LRRK2 protein was then determined on both an immunocytochemical and biochemical level. LRRK2 resides diffusely throughout the cytosol but also associates with the mitochondrial outer membrane, similar to the distribution of the E3 ubiquitin ligase parkin, also involved in the development of PD (18) . More detailed analyses are now required to fully characterize the interaction of LRRK2 with mitochondria.
The familial mutations R1441C and G2019S, in the GTPase and MLK domains of LRRK2, respectively, did not have an effect on protein steady-state levels, localization, or turnover. Experiments demonstrate a long half-life for LRRK2 in cell lines; however, no LRRK2 accumulation was observed upon inhibition of the lysosomal degradation pathway. Rather, LRRK2 appears to be a substrate of the ubiquitin-proteasome system. The factors targeting LRRK2 for ubiquitination are as yet unknown, and preliminary experiments suggest that the E3 ligase protein parkin does not target LRRK2 for degradation (data not shown).
It is unclear at this time what aspects of LRRK2 function are relevant toward PD. Mutations in the serine͞threonine kinase PINK1 were recently identified in autosomal-recessive PD cases (19) . Therefore, we hypothesized that kinase activity of LRRK2 may be a critical feature of downstream function and developed a kinase assay using the generic kinase substrate MBP to determine whether the mutations G2019S and R1441C have an effect on more subtle enzymatic characteristics. The LRRK2 kinase domain shares greatest homology to proteins that are members of the MLK family, proteins known to have both serine͞threonine and tyrosine kinase activity and have in vitro phosphorylation activity toward MBP. Consistent with this notion are our observations that reaction conditions that favor MLK activity promote greatest LRRK2 kinase activity.
In regard to both phosphorylation of a substrate and autophosphorylation activity, the familial LRRK2 mutations G2019S and R1441C enhance kinase activity. On a hypothetical structural basis, an increase in kinase activity for the G2019S alteration may be due to the perturbation of a stretch of amino acids termed the ''activation segment'' (Fig. 6) . For many kinases, activation requires phosphorylation of the activation segment, and alteration due to mutations within this region may have the overall effect of increasing kinase activity, a condition associated with cancer and other diseases (20) . If the critical feature of LRRK2 function related to PD susceptibility is kinase activity, then mutations that increase kinase activity fit well within a paradigm of the gain-of-function mechanism observed in families that inherit LRRK2 mutations in an autosomal-dominant mode, although the possibility of gene dosage or dominant negative effects cannot yet be ruled out.
Known mutations in LRRK2 associated with PD are restricted neither to the activation segment of the kinase domain nor to the kinase domain as a whole. More than a dozen identified mutations suggest a broad distribution of mutation in the various functional domains of LRRK2 in PD cases. In this study, we describe an increase (albeit less dramatic) in kinase activity due to the R1441C mutation, an alteration within the GTPase domain of LRRK2. Because many kinases such as RAF and phosphatidylinositol 3-kinase family members associate with a corresponding activated GTPase protein to regulate kinase activity, the GTPase domain within LRRK2 may serve a selfregulatory role in defining the specificity and activity of its own kinase domain. The R1441C alteration may therefore serve to disrupt the normal regulatory interaction of the GTPase domain with the kinase domain, with the end result being a corresponding increase in kinase activity. Other LRRK2 mutations outside the kinase and GTPase domain might conceivably affect protein conformation or interaction with cofactors that regulate the specificity and kinase activity of LRRK2, perhaps with the final outcome being modulation of kinase activity. Our findings suggest that development of agents that abrogate LRRK2 kinase activity may offer therapeutic potential for the treatment of PD.
